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Abstract
A variety of factors are needed for the homotypic fusion of the yeast vacuole, including a 
number of proteins and regulatory lipids.  The deletion of the phosphatidic acid (PA) phosphatase 
gene Pah1, which converts PA in diacylglycerol kinase (DAG), was previously shown to produce 
a fragmented vacuole phenotype, greatly inhibit fusion and result in the vacuolar protein sorting 
defect.  As such, the impact of the deletion of the complementary DAG kinase gene Dgk1, which 
converts DAG into PA, and the impact of deleting both genes was observed.
The deletion of Dgk1 was observed to augment fusion, despite showing a moderately 
fragmented vacuolar phenotype.  This fusion was shown to still be dependent on the core fusion 
machinery proteins, and resistant to inhibition by the DAG ligand C1B, and was better able to 
maintain fusion capacity when held for an extended time on ice.  This deletion also had a unique 
protein profile, different from the wild type background, but not the inverse of the Pah1 deletion.
The double deletion showed highly fragmented vacuoles, much like Pah1 deletion, 
though these vacuoles were able to reform after osmotic shock, similar to the wild type 
background, but unlike either single deletion strain.  This strain displayed reduced fusion and, 
interestingly, what appeared to be either the aberrant production, or degradation, of proteins. 
This observation points to a potentially more global cause for the observed phenotypes.
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Chapter 1: Introduction
1.1 The Yeast Vacuole
The vacuole of the yeast  Saccharomyces cerevisiae plays a many key roles in the  the 
yeast cell, including pH and ion homeostasis in the cytosol,  metabolite storage and 
macromolecular degradation (1).  The yeast vacuole is easily the largest organelle, and its 
maintenance is crucial for the continued activity of the vacuole and the health of the cell.  Strains 
in which fragmentation of the vacuole is observed tend to express additional phenotypes which 
are reflective of deleterious cellular health.
The haploid nature of yeast genetics allow for the relative ease of genetic manipulation, 
with  deletion of alteration of genes being directly expressed and observable in the organism 
through in vitro and in vivo studies.  This, coupled with the possession of a proteins, lipids and 
small molecules which are in many cases analogous to those found in higher order eukaryotes 
(2), allows for the discovery of possible factors of genetic diseases in humans, such as yeast 
Pah1, an orthologue of Lipin1, a gene that can cause fatty liver dystrophy when mutated (3).
1.2 Vacuole Fusion
There is a conserved set of effectors which is critical to the endocytic pathway of 
membrane fusion in eukaryotic cells. (4)  In addition to the favorable genetic factors, S.  
cerevisiae vacuoles can be harvested in milligram quantities using standard laboratory 
equipment, making it an ideal model system for the analysis of homotypic membrane fusion. 
The process utilized for retains the necessary effectors of fusion, These factors include SNARE 
proteins (Vam7p, Vam3p, Vti1p, and Nyv1p), SNARE-associating chaperones (Sec17p/α-SNAP 
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and Sec18p/NSF), a Rab family GTPase (Ypt7p/Rab7), a Ypt7p-effector complex (HOPS with 
Vps11p, Vps16p, Vps18p, Vps33p, Vps39p, and Vps41p as its subunits (5, 6), Rho GTPase-
regulated actin remodeling (7), and an assortment of regulatory lipids (eg. ergosterol, 
diacylglyerol, phosphatidic acid and phosphoinositides) (8-10).  Homotypic fusion occurs in 
experimentally-defined phases, (5) which can in turn be monitored by content-mixing assays. 
(11)  Each of these effectors are of temporal and spatial importance in yeast vacuole fusion as 
well (Fig. 1).
SNAREs are counted among the proteins which are crucial for membrane fusion in yeast 
vacuoles (12, 13).  In a four-helix SNARE core complex the apposed amino acid residues are 
usually non-polar, however near the center of each SNARE domain of the proteins is a 
conserved, ionic (zero) layer (14). Based upon whether they contribute a glutamine or arginine to 
the ionic layer of the SNARE core complex, the SNAREs are classified as either Q or R 
respectively (15).  SNARE complexes form tight bundles of four alpha-helices (14) provided by 
the SNARE domains of four proteins: Vam7p (Q), Vam3p (Q), Vti1p (Q), and Nyv1p (R) (15). 
SNARE complexes formed by SNARE proteins anchored to the same membrane are said to be in 
cis, and SNARE complexes formed by SNARE proteins anchored to apposed, “tethered” 
membranes are said to be in trans. SNAREs are coordinated by their chaperones, Sec18p (NSF) 
and Sec17p (α-SNAP) (16).
Membrane fusion occurs through a series of four distinct phases. The first stage is 
priming, and or homotypic fusion to occur between yeast vacuoles, cis-SNARE complexes must 
be disassembled on both organelles (16).  Sec17p-bound cis-SNARE complexes are disassembled 
by Sec18p, and they utilize energy from ATP binding and hydrolysis to disassemble the cis-
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SNARE complex (17), which results in the release of  Sec17p (18) and the soluble SNARE 
Vam7p (19).  Following priming is the tethering stage of docking which requires the Rab7 
GTPase Ypt7p and the Ypt7p-effector complex HOPS (homotypic fusion and vacuole protein 
sorting) (20).   By interacting with the HOPS complex and phosphatidylinositol (PI) 3-phosphate 
PI(3)P, Vam7p is able to re-associate with the membrane to help reform the SNARE core 
complex in trans, with HOPS ultimately being incorporated into the SNARE complex (21). 
During docking proper, trans-SNARE complexes form between tethered vacuoles (22) as a result 
of a Ypt7p-dependent cascade (11, 23), leading to the release of luminal calcium stores (24). 
Docking results in the formation of two flattened discs of apposed membranes, known as the 
boundary, and the perimeter of the boundary, the vertex rings, is enriched with protein (Ypt7p, 
HOPS, and SNAREs) and lipids (ergosterol, diacylglyerol, and phosphoinositides) that are 
required for fusion (8, 25-27).   Fusion then occurs at the vertex ring, mixing the contents of the 
two vacuoles to form a larger, singular vacuole, resulting in the internalization of the boundary 
membranes as an inverted luminal vesicle.  This homotypic fusion occurs as a result of a flux of 
partially reversible, temporal and spatial cooperation of a range of preserved proteins and lipids.
1.3 Vacuole Fusion Measurement and Inhibition
Colormetric analysis of vacuole fusion can be easily performed when utlizing the 
backgrounf strains BJ3505 and DKY6281 (28).  The vacuoles from these strains, which lack the 
protease gene Pep4 and the alkaline phosphatase gene Pho8 respectively, are unable to process p-
nitrophenyl phosphate (PNPP) to p-nitrophenyl (PNP) + Phosphate, as the Pho8P protein is 
needed to catalyze this conversion, but it cannot mature from its proPho8p form in the absence of 
3
Pep4p.  Following homotypic fusion of vacuoles isolated from each background, however, both 
proPho8p and Pep4p are present 1n the same vacuole, and Pep4p cleavage of proPho8 causes its 
maturation to Pho8p and allows for the conversion of PNPP to PNP.  The absorbence of PNP at 
400 nm, which will be visibly yellow, can then be measured and use to assay fusion.
Homotypic vacuole fusion can be inhibited by sequestering, directly or indirectly, the 
various lipids and proteins needed for fusion activity.  When determining a profile of 
characteristics for a newly derived mutant strain, it can be of benefit to test the impact of fusion 
inhibitors.  One method is to simply include a concentration of inhibitor expected to greatly 
reduce fusion, and if the strain is able to fuse, it has a means of remaining fusion active despite 
the loss of a typically required pathway.  Another method is to use a range concentrations of 
inhibitor, including multiple lower concentrations.  By comparing the impact of these sub-
inhibitory concentrations to that of the background strains, one can observe a potential increase 
or decrease in susceptibility to the inhibitor that could be overlooked by only comparing full 
inhibition.
1.4 Yeast Protein Assortment
Proper protein assortment is critical, both for global yeast function, and for fusion 
activity, and gene deletions that induce protein sorting deficient phenotypes are among the first 
and most studied (1, 29).  While the majority of the studies focus on the impact of protein 
deletion on sorting, the importance of lipids for protein assortment is also clear: PI3P is needed 
for Vam7p to re associate with the vacuole (19, 20) and the deletion of Pah1p, which converts PA 
to DAG, results in sorting deficiencies to the vacuole (3).  Accordingly, investigation into 
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possible impacts on protein assortment when manipulating lipid pathways may be requisite to 
fully understand the nature of any observed phenotypes.
1.5 Phosphatidic Acid, Diacylglycerol, Phosphatidic Acid Phosphatase & Diacylglycerol  
Kinase
Phosphatidic acid (PA) has several known roles in S. cerevisiae, including playing key 
role in SNARE activation during sporulation (30, 31), exocytosis (32) and mitochondrial fusion 
(33).  Further, the ability of the organism to convert PA to DAG utilizing Phospahtidic Acid 
Kinase (Pah1p) has been demonstrated to be crucial for protein assortment to the vacuole, 
vacuole fusion and stable vacuole morphology (3).  Diacylglycerol (DAG) is important for 
tubulation within the Golgi apparatus (34), and is needed for formation of COP-I vesicles in 
retrograde traffic from the Golgi to the endoplasmic reticulum (35), in additional to a vital role in 
yeast vacuole fusion (8, 9).  Recently, the CTP dependent Diacylglycerol Kinase that converts 
DAG to PA has been characterized (36), but the impact of its deletion on yeast vacuole 
homeostasis, fusion and protein sorting has not been the topic of any significant investigation.
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Chapter 2: Materials and Methods
2.1 Strains
BJ3505 and DKY6281 were used for fusion assays (11, 37).  The Pah1 gene (3), Dgk1 
gene (Sasser, Unpublished Data) or both (Sasser, Unpublished Data) were additionally knocked 
out in each of these strains.
2.2 Vacuole Morphology, Fragmentation and Recovery
Resting state vacuole morphology was observed by incubating yeast cells in YPD broth 
containing 5uMFM4-64 (38). Cultures (1 ml) were grown for 1 h in YPD with FM4-64 at 30 °C, 
washed with PBS, and chased for 3 h with fresh YPD alone.  After incubation, the cells were 
concentrated by centrifugation, resuspended in 50 ul of PBS, and mounted (15 ul) on glass slides 
with poly-l-lysine for observation.  Images were acquired using a Zeiss Axio Observer Z1 
inverted microscope equipped with a X-Cite 120XL light source, Plan Apochromat 64Xoil 
objective (NA 1.4), and a AxioCam CCD camera.  For salt shock fragmentation observation, 
100uL 5M NaCl was added to 900 uL fresh YPD following the wash step, for a final 
concentration of 500 uM NaCl.  For Vacuole recovery, cells were spun down after salt shock, 
washed with PBS, and resuspended in fresh YPD for an hour before visualization.
2.3 Vacuole Isolation and Purification & Content-mixing Vacuole Fusion Assay
Vacuoles were isolated by floatation as described (11). In vitro content mixing fusion 
reactions (30 ul) contained 3 ug of vacuoles from both BJ3505 and DKY6281 backgrounds, 
fusion reaction buffer (20 mM PIPES-KOH, pH 6.8, 200 mM sorbitol, 125 mM KCl, 5 mM 
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MgCl2), ATP regenerating system (1 mM ATP, 0.1 mg/ml creatine kinase, 29 mM creatine 
phosphate), 10 uM
coenzyme A, and 283 nM IB2 (inhibitor of protease B). Reactions were incubated at 27 °C and 
allowed to undergo fusion for variable lengths of time, and were alternately held on ice to inhibit 
fusion.  Pho8p activity was assayed in 250 mM Tris-Cl, pH 8.5, 0.4% Triton X-100, 10 mM 
MgCl2, and 1 mM p-nitrophenyl phosphate.  Fusion units were measured by determining the p-
nitrophenolate-produced min-1g-1 pep4∆ vacuole.  p-Nitrophenolate absorbance was measured at 
400 nm.
2.4 Vacuole Fusion Inhibition
Fusion inhibition was performed with the above parameters, with the following 
exceptions.  In all cases, save the positive and ice controls, a portion of the PS buffer was 
replaced with a mixture of PS buffer and inhibitor, but maintaining the overall 30 ul reaction 
volume.  All reactions were allowed to fuse for 90 minutes at  27 °C, excepting the ice controls, 
which were held on ice during the same time frame.
2.5 Western Blot Analysis
Isolated vacuoles were lysed, and their proteins linearized, with the addition of boiling 
SDS buffer.  These samples were run on standard gels under standard SDS-PAGE condition, and 
transferred by western blot to nitrocellulose paper and probed by immunoblotting, utilizing 
rabbit based primary antibodies for the proteins of interest.  HRP conjugated goat anti rabbit 
secondary antibody was used and developed with ECL substrate (Biorad).  Images were 
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visualized utilizing a Biorad – Chemidoc MP Imaging system.
2.6 Reagents and Buffers
Reagents were dissolved in PS buffer (20 mM PIPES-KOH, pH 6.8, 200 mM sorbitol). 
Anti- Vam3p (13), anti-Sec17p (39), anti-Sec18p (18), anti-Ypt7p (23), anti-Nyv1p (16), His6-
Gyp1–46p (25), Gdi1p (40) & C1B (41) were described previously.
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Chapter 3: Vacuole Morphology, Fragmentation and Recovery Results
3.1 Resting Vacuole Morphology Across Strains.
The first step in my investigations was to examine the morphology of the vacuoles in 
whole cells samples of each of the four backgrounds  It has been previously observed that, 
typically, S. cerevisiae has a single, large vacuole which takes up a large portion of the cell, and 
further qualitatively observed that the PAH1 knockout strain has a distinctly fragmented vacuole 
morphology (3).  With the use of the fluorescent dye FM-464, which localizes to the vacuole 
membrane following standard pulse-chase procedures (38), I was able to observe, and 
quantitatively asses, the vacuole morphology in each of these backgrounds.
In my observations, when grown in YPD and stained with FM-464 through standard 
pulse-chase methods, roughly 93% of the WT cells displayed this single vacuole morphology.  I 
further observed an average resting frequency of 52% single vacuole morphology in the PAH1 
knockout background, in keeping with prior observations.  While still reduced from WT 
frequency, the DGK1 knockout strain displayed an average of 86% single vacuole morphology. 
It was hypothesized that the PAH1/DGK1 double knockout strain might display WT morphology 
as a result of completely shutting down the pathway, the average single vacuole morphology of 
56% was in fact much closer to the PAH1 knockout strain than the WT morphology (Figs. 2, 3A, 
4A, 5A & 6A).
3.2 Impact of Osmotic Shock on Different Strains
The next step in this investigation was to observe the resilience of of the vacuoles in each 
of these strains to external stresses.  It has been shown that, when the whole cell cultures are 
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exposed to osmotic shock, fragmentation of the vacuole occurs  (42-44).  To this end, after 
pulsing with FM-464 each of the four strains were treated with  500 uM NaCl to induce the 
fragmentation of the vacuoles, during the chase step in which FM-464 is localized to the 
vacuoles.
In the WT strain, single vacuole morphology dropped about 19% on average as a result of 
salt shock, relative to the untreated frequency.  The majority of cases seeing the vacuoles 
fragment into either two smaller (5.0% → 13% normalized incidence) or broken into 6 or more 
pieces (1.6% → 8.4% normalized incidence), with a small amount of other morphologies 
observed (Fig. 3B).   The DGK1 knockout showed quite similar impacts, with a 19% reduction 
in single vacuoles morphology, and the incidence of 2 and 6+ vacuole morphology increasing 
9.1% → 14% and 5.5% → 14% respectively (Fig 4B).
In both strains which included the PAH1 knockout, the relative frequency of the single 
vacuole morphology dropped over 30% relative to the untreated frequency, with an average drop 
of 36% in the single knockout, and a 32% drop in the double knockout.  While the majority of 
the reciprocal increase was seen in the 2 and 6+ morphologies (40% → 51% and 16% → 29% 
respectively in the single knockout; 35% → 50% and 20 → 30% in the double knockout), the 
PAH1 knockout strain also showed an increase in the 3 vacuole morphology far greater than seen 
in any other strain, 20% → 29% (Figs 5B, 6B).
There are two things that are important to note when comparing the relative changes 
between strains.  First, while the difference in reduction of single vacuole morphology incidence 
relative the the untreated state was quite pronounced in the strains with PAH1 knockout out, this 
increase was amplified by the lower untreated frequency.  The absolute reduction, while still 
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higher in the PAH1 knockout strains, was much closer to the WT, and interestingly, the greatest 
observed difference was the reduced impact on the DGK1 single knockout strain relative to the 
WT. (WT – 17.6%, DGK1 – 15.8%, PAH1 – 18.8% and PAH1/DGK1 – 18.3%.)  Secondly, 
while there was a greater amount of fragmentation into smaller vacuole compartments in both the 
PAH1 knockout strains, both on relative and absolute scales, these fragmented morphologies 
existed at noticeably higher frequencies in the untreated state as well (Figs 3-6).
3.3 Recovery From Osmotic Shock in Different Strains
The final step in this investigation was testing the ability to recover vacuole morphology 
after osmotic stress in each background.  It has been previously observed that normal, healthy  S. 
cerevisiae  is able to substantially recover vacuole morphology after osmotic pressure is removed 
and stabilization is allowed to occur in fresh (43, 44).
In the WT background it was observed that after being given one hour in fresh media to 
stabilize and recover, the yeast had on average 86% single vacuole morphology, relative to 
resting state, after having been reduced to 81% relative frequency by the salt shock treatment. 
After this recovery period, a further reduction to 79% frequency was observed in the DGK1 
knockout strain, further than the reduction to 81% by the salt shock, and PAH1 knockout showed 
a reduction 58% frequency from the salt shock levels of 64%.  These further reductions did not, 
however, appear to be the same in nature – the DGK1 knockout strain primarily saw increases in 
the 2 and 3 vacuole morphologies, while the PAH1 knockout saw a reduction in the 1, 2 and 3 
vacuole morphologies, while 4, 5 and 6+ all increased, with the 6+ morphology nearly reaching 
the same level as the single vacuole morphology (Figs 3-5).
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The PAH1/DGK1 proved to be enigmatic.  While the double deletion failed to restore WT 
resting morphology, recovery of morphology was, in fact, observed after salt shock.  While this 
recovery was clearly limited by the resting state, it was observed to display 86% of resting single 
vacuole morphology, after being reduced to 68% by salt shock.  This seems to indicate that while 
the double deletion retains the homeostatic impairment of the PAH1 knockout, it, unlike either 
single knockout strain, has the ability to recover vacuoles with some alacrity after osmotic stress 
(Fig. 6).
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Chapter 4: Vacuole Fusion and Fusion Inhibition Results
4.1 Time Course of Fusion
It has been observed that multiple regulatory lipids, including DAG, are needed for 
homotypic membrane fusion (8; 9).  The deletion of the Pah1 gene, preventing the production of 
Phosphatidic Acid Phosphatase which converts PA into DAG, has been shown to greatly reduce 
fusion.  The deletion of the Dgk1 gene eliminates Diacylgylcerol Kinase, and consequentially the 
conversion of DAG into PA, was tested for fusion rates relative to the wild type background 
strains.  In the absence of the Dgk1 gene, vacuoles were observed to fuse at a higher rate than the 
wild type vacuoles.  The relative magnitude of this difference grew larger fairly steadily over all 
time points, and fusion was observed to be roughly 1.25 times that of the wild type strains (Fig. 
7).
While the deletion of the Pah1 gene was seen to inhibit fusion, the question remained 
whether the deletion of the entire pathway would restore wild type fusion.  Fusion observations 
of the double knockout showed a great deal of reduction in fusion relative to the wild type, 
similar to that observed in the Pah1 knockout (Fig. 8).
4.2 Impact of Extended Time on Ice
Once isolated from the cell, vacuoles have a quite limited lifespan before fusion ability is 
lost.  Given the partially fragmented nature of the vacuoles in the Dgk1 knockout strain, coupled 
with the observed inability to recover from osmotic shock, the question of whether the vacuoles 
would be  more susceptible to loss of fusion ability over time.  To investigate this, vacuoles from 
the wild type and Dgk1 knockout strain were held on ice for an additional hour after the first set 
13
of fusion reactions was set up, and then allowed to fused as described (Fig. 9).  Instead of 
showing increased susceptibility to extended time on ice, the Dgk1 knockout vacuoles showed 
greater resilience than the wild type vacuoles.  While the wild type vacuoles displayed an overall 
shallower fusion curve, with a total of just over half of the fusion activity of their immediately 
fused counterparts, the Dgk1 knockout vacuoles showed rapid fusion over the first thirty minutes 
of the reaction, which then leveled out considerably, showing an overall retention of around three 
fourths of the fusion activity. 
4.3 Inhibitors of Fusion
As the Dgk1 deletion showed increased fusion rates, the question arises if this new, 
augmented fusion rate remained dependent on the core fusion machinery.  To this end, the impact 
of a panel of inhibitors with well characterized activity on a range of proteins was observed (Fig. 
10).  This panel included antibodies against Nyv1p, Vam3p, Sec18p Sec17p & Ypt7p, as well as 
the additional Ypt7 inhibitors GDI, a Rab, and GYP1-56p a  GTPase-activating protein.  In all 
cases, the relative impact on wild type and Dgk1 knockout vacuoles were statistically 
overlapping, indicating the Dgk1 knokcout vacuoles still need the core fusion proteins to 
undergo homotypic vacuole fusion.
C1B is a DAG ligand that has been observed to inhibit homotypic fusion (8).  As the 
deletion of Dgk1 prevents the direct conversion of DAG to PA, it may result in a relative 
enrichment of DAG on the vacuole.  If this were the case, one would expect to see reduced 
inhibition by C1B of the Dgk1 knockout vacuoles, relative to the wild type vacuoles.  To test this 
hypothesis, wild type and Dgk1 knockout vacuoles were fused in the presence of a range of 
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concentrations of C1B, and the relative fusion rates were compared to their respective, 
uninhibited fusion levels.  C1B was observed to have a reduced relative inhibitory impact on the 
Dgk1 knockout vacuoles relative to wild type at sub-inhibitory concentrations, though both did 
display full inhibition at the inhibitory concentration of 5 uM (Fig. 11).
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Chapter 5: Protein Profile Results
5.1 Protein Degradation Observation
Given the protein sorting defect in the Pah1 knockout strain, the question arose whether 
knockout the entire pathway would cause a return of wild type sorting in the Dgk1/Pah1 double 
knockout strain.  However, upon performing immunoblotting, the double kncokout showed a 
phenotype of its own, presenting what appeared to be either a defect in protein production, or 
clear protein degradation.  In a representative Actin blot (Fig. 12), there is shown both a distinct 
reduction in the actin band, a protein that was not reduced in the Pah1 strain, but also another 
darker band perhaps some 20 KD lower on the blot.  This band markedly absent in all three other 
backgrounds, and reacts strongly with the anti-Actin antibody.  This seems to indicate either the 
protein was defectively produced, erroneously processed or degraded.  Once this observation was 
confirmed as replicable and representative, further investigation on the strain was halted, as such 
a broad phenotype was beyond the scope of this investigation.
5.2 Protein Profile
A western blot profile of proteins associated with fusion was made for the Dgk1 knockout 
strain to see if a change in protein sorting may account for the increase in fusion, with Pah1 
provided for comparison in many cases (Fig. 13).  Ypt7p, which was greatly reduced in the Pah1 
knockout, was observed to be enriched in the Dgk1 knockout.  Part of the maturation process 
from early to late endosome is the replacement of the Rab5 Vps21p with the Rab7 Ypt7p (45). 
Vps21p was accordingly blotted for, but even levels across both knockouts and the wild type 
strain indicate the fusion differences is not likely the result of endosomal maturation rates.  The 
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concentration of SNAREs Vti1p and Vam3p seemed to be increased, however the SNARE 
Nyv1p and alternate R-SNARE Ykt6 seemed largely unchanged, and the SNARE Vam7 
appeared to be somewhat reduced in concentration.  The constituents of the HOPS complex 
seemed largely the same as wild type concentration, excepting a noticeable increase in Vps16p, 
and the HOPS recruited YPT7p was also enriched.  Interestingly, the SNARE chaperone Sec17p 
seemed to be markedly enriched, which the co-chaperone Sec18p seemed somewhat reduced in 
concentration.  Finally, while the Ccz1p concentrations were not noticeably different from wild 
type, not only was there a higher concentration of Mon1p, but, for an unknown reason, it seems 
to have traveled at a slightly faster rate.
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Chapter 6: Discussion
Whole cell imaging indicated that the deletion of either, or both, of the Dgk1 and Pah1 
genes had a deleterious effect on vacuole homeostasis.  In vegetative cells, the observed 
fragmentation resulting from the deletion of Pah1 was much stronger than the deletion of Dgk1, 
and cells which lacked the Pah1 gene seemed to be more susceptible to further fragmentation of 
the vacuole than the wild type background, while the susceptibility was comparable in the 
absence of the Dgk1 gene.  Interestingly, the loss of either of these genes appeared to 
compromise the ability of the cell to recover from osmotic stress.  The deletion of both genes 
appeared to restore the ability of the vacuoles to return to resting state, but did noticeably reduce 
the fragmentation or susceptibility to osmotic shock observed.  This fragmentation phenotypes 
was in keeping with the observation that the strains in which Dgk1 was deleted had a doubling 
time close to that of the wild type backgrounds, while both Pah1 deletion and double deletions 
showed marked longer doubling times (Data not shown).
Further characterization was performed on the double knockout strain to determine if 
other aspects of vacuolar activity might be restored to wild type levels, as the ability to recover 
from osmotic shock was, or if they, similar to the vacuole fragmentation phenotype, might be 
sweepingly reduced as the Pah1 knockout was observed to be.  Content-mixing fusion assays 
revealed a marked reduction in fusion activity, which reflected the status of the Pah1 knockout. 
However, western blotting revealed that, rather than displayed a protein sorting defect as was 
seen in the single deletion, the double deletion had a much more far reaching defect.  The 
presence of an additional band that was unique to the strain, much shorter than the full protein 
and provided a much more intense signal that the proper length has potentially powerful 
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implications.  Whether it was the product of defective protein production, faulty processing or 
direct degradation, the implication remains that the impact of this phenotype, rather than 
restoring wild type status by eliminating the pathway, produced a significant defect that may well 
have a more global deleterious impact on the organism.  While characterizing this defect could 
be of interest, it would require a much broader and more fundamental investigation to determine 
what the cause is, rather than simply observing the myriad effects.  As such, the discovery of this 
protein deficiency resulted in the conclusion of the double knockout portion of this investigation 
and the focus was shifted to focus solely on the Dgk1 knockout.
Vacuoles harvested from strains with the Dgk1 gene deleted showed a significant increase 
in fusion rates in the content-mixing fusion assay.  It was further observed that these vacuoles 
retained more of their fusion competence when held on ice for and extended period of time than 
the wild type strains did.  This seems to indicate that while the loss of Dgk1 resulted in 
somewhat less vegetatively stable vacuoles, these vacuoles remained not only fully fusion 
competent, but more so than the wild type.  Protein inhibition testing indicated that the core 
fusion proteins, and thus pathways, were still required for fusion to occur, and this promotion of 
fusion wasn't likely a result of a mechanical bypass.
Two main possibilities come to mind as potential causes of this increase in fusion activity, 
the first being changes in the relative abundance of the lipid DAG.  DAG is required for fusion to 
occur, and seems to promote it by increasing vacuolar surface curvature.  As Dgk1p converts 
DAG to PA, it is possible that a relative abundance to DAG is present on the Dgk1 knockout 
vacuoles, which could push fusion to occur faster.  Observations that there was a reduced relative 
impact on fusion by the DAG ligand C1B at sub-inhibitory levels is in keeping with expectations 
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if a higher relative abundance of DAG is present on these vacuoles.  It should prove possible to 
investigate DAG levels at the microdomians more directly by docking vacuoles treated with C1B 
fused with a fluorescent protein at sub-inhibitory levels, and comparing relative intensity to that 
of wild type vacuoles.  It would also be interesting to see if the reciprocal change, a reduction in 
PA, also seems to have occurred in these vacuoles.  This could be accomplished using the PA 
ligand  Tgd2 in much the same fashion.
The second obvious potential cause for the observed augmentation of fusion activity is a 
change to the protein profile of the vacuoles.  While there were a few direct inverses of the 
observed profile in Pah1, such as Ypt7p being greatly enriched instead of reduced, the story 
turned out to be far more complicated than that.  While several proteins involved in the 
recruitment of Ypt7p showed what might have been a slight enrichment, only the HOPS 
component VPS16p and the chaperone Sec17p showed a particularly distinct increase and the co-
chaperone Sec18p showed an unexpected reduction in concentration.  Similarly, while the 
SNAREs Vti1p and Vam3p were enriched, the abundance SNARE Vam7p seemed to be reduced. 
The apparent increase in Mon1p concentration, coupled with a faster run indicative of a 
shortened protein or difference in phosphorylation state, also seems to raise more questions than 
it answers.  While these changes in protein profile may well help to account for the increase in 
fusion activity, it is obvious that the change is not simply a result in increased abundance of the 
fusion driving proteins.  A next clear step in investigation into this matter would be observing the 
rate at which SNARE complexes form in cis and trans forms.  While there is clearly much to be 
learned about these strains, a solid foundation has been produced in the course of this 
investigation that can inform and guide further characterization.
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Figures
Figure 1 Current working model of homotypic yeast vacuole fusion phases and subreactions.
See discussion in text. Diagram created by Dr. Rutilio Fratti.
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Figure 2 Impact of the Deletion of Dgk1 and/or Pah1 Genes on Vacuole Homeostasis
Strains were DKY6281 background (A, B), Dgk1 deletion (C, D), Pah1 deletion (E, F) or double deletion 
(G, H).  All strains aside from the background.  Strains were incubated with the lipophilic dye FM4-64 to 
label the vacuoles. Cells were photographed using differential interference contrast, and FM4-64 images 
were acquired using a 42 HE CY3 shiftfree filter set. Bar, 5 M.
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Figure 3  Quantitation of Wild Type Vacuole Morphology
Images were acquired as described in Fig. 2, with ten frame captured for each condition for each of three 
individual trials, totaling 30 frames and n ≥ 1000 individuals vacuoles.  Aggregate frequencies reported 
for raw values (A), and normalized with the frequency of single vacuole morphology under resting 
condition set to 1.
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Figure 4  Quantitation of Dgk1 Knockout Vacuole Morphology
Images were acquired as described in Fig. 2, with ten frame captured for each condition for each of three 
individual trials, totaling 30 frames and n ≥ 1500 individuals vacuoles.  Aggregate frequencies reported 
for raw values (A), and normalized with the frequency of single vacuole morphology under resting 
condition set to 1.
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Figure 5  Quantitation of Pah1 Knockout Vacuole Morphology
Images were acquired as described in Fig. 2, with ten frame captured for each condition for each of three 
individual trials, totaling 30 frames and n ≥ 1300 individuals vacuoles.  Aggregate frequencies reported 
for raw values (A), and normalized with the frequency of single vacuole morphology under resting 
condition set to 1.
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Figure 6  Quantitation of Dgk1/Pah1 Double Knockout Vacuole Morphology
Images were acquired as described in Fig. 2, with ten frame captured for each condition for each of three 
individual trials, totaling 30 frames and n ≥ 950 individuals vacuoles.  Aggregate frequencies reported for 
raw values (A), and normalized with the frequency of single vacuole morphology under resting condition 
set to 1
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Figure 7  The Impact of Dgk1 deletion on Vacuole Fusion
Fusion reactions were carried out with vacuoles from Wild Type or Dgk1 knockout strains.  Units of 
fusion were calculated as described, and fusion levels were normalized setting 90' WT fusion to 1.  Data 
reflects three runs performed in duplicate, for a total n = 6 for each data point.
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Figure 8  The Impact of Dgk1/Pah1 double deletion on Vacuole Fusion
Fusion reactions were carried out with vacuoles from Wild Type or Dgk1/Pah1 double knockout strains. 
Units of fusion were calculated as described, and fusion levels were normalized setting 90' WT fusion to 
1.  Data reflects two runs performed in duplicate, for a total n = 4 for each data point.
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Figure 9  The Impact of Extended Time in Ice Dgk1 deletion and Wild Type Vacuole Fusion
Fusion reactions were carried out with vacuoles from Wild Type or Dgk1 knockout strains one hour after 
standard fusion reactions.  Vacuoles were held on ice in the intervening time.  Units of fusion were 
calculated as described, and fusion levels were normalized setting 90' WT fusion to 1.  Data reflects two 
runs performed in duplicate, for a total n = 4 for each data point.
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Figure 10 The Impact of Protein Inhibitors on Fusion
Fusion reactions were carried out with vacuoles from Wild Type or Dgk1 knockout strains.  Fusion was 
inhibited by holding on ice, antibodies against Nyv1p (42ug/ml), Vam3p (27ug/ml), Sec18p (42ug/ml), 
Sec17p (217ug/ml) or Ypt7p (8ug/ml), or by indirect Ypt7p inhibitors His6-Gyp1–46p (0.5uM) or Gdi1p 
(2uM).  Reaction were allowed to proceed for 90', and units of fusion were calculated as described. 
Percent fusion was normalized for each strain, setting the uninhibited reaction of each respective strain to 
100% fusion.  Data reflects three runs performed in duplicate, for a total n = 6 for each data point.
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Figure 11 Relative Fusion Inhibition by C1B
Fusion reactions were carried out with vacuoles from Wild Type or Dgk1 knockout strains.  When 
applicable, the concentration of C1B used is listed.  Reaction were allowed to proceed for 90', and units of 
fusion were calculated as described.  Percent fusion was normalized for each strain, setting the 
uninhibited reaction of each respective strain to 100% fusion.  Data reflects three runs performed in 
duplicate, for a total n = 6 for each data point.
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Figure 12 Western Blotting Reveals Aberrant Second Band in Double Knockout Strain
Immunoblotting was carried out by standard SDS-PAGE/Western Blotting protocol using vacuoles from 
the wild type BJ3505 strain, along with each deletion strain. The product was developed with primary 
antibody against Actin.  Development showed an aberrant, markedly smaller second band in the double 
knockout, absent in each of the other strains, which was coupled with major reduction in band intensity at 
the expected length.  This result was replicable, and occurred in multiple proteins, pointing to a more 
global defect that accounts for the observed phenotypes in the double knockout.
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Figure 13 Deletion of Dgk1 Alters Vacuole Protein Profile
to analyze the results of the Dgk1 gene deletion on the core fusion machinery, Western blots were 
performed on vacuoles isolated from the wild type BJ3505, along with the Dgk1 deletion in the same 
background, and in some cases the Pah1 knockout for comparison. Immunoblotting was carried out by 
standard SDS-PAGE/Western Blotting protocol and probed with antibodies against the indicated proteins.
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